Abstract-An improved Thévenin equivalent method for realtime voltage stability assessment that uses wide-area information from synchrophasors is proposed. The improvements are a better modeling of the limited synchronous generators, and a processing that anticipates the effect of field current limiters, before the latter are activated. Several study cases using detailed dynamic simulations of the Nordic test system have been used to assess the performance of the proposed improvements. Their effectiveness is analyzed and, based on the results, their possible application in combination with the sensitivity-based voltage stability assessment method is explored.
I. INTRODUCTION
The applications of synchrophasors and the number of installed units has increased steadily [1, 2] and their potentials deserve being further explored. Initiatives like NASPI 1 and SOSPO 2 [3] are examples of these efforts. This work is part of the SOSPO project, whose objective is to provide a set of fast stability assessment methods for a power system envisioned to have a high share of wind energy and other fluctuating energy sources [4] [5] [6] [7] . In this scenario, it is foreseen that real-time applications will benefit from the availability synchrophasors technology to cope with the new challenges.
In the specific case of voltage stability [8, 9] , the Thévenin Equivalent Methods (TEMs) and the sensitivity-based method [10] were identified in [11] as suitable for wide-area real-time monitoring from a control center. Both approaches have low computational complexity, making them suitable for fast realtime applications. For a review of existing methods, refer to [11, 12] .
Some limitations of the TEMs were identified in [11] , after which a number of improvements have been explored, dealing with: synchronous generator limits [13] , wind-farms limits [14] and HVDC interconnections [15] . A further set of improvements is presented in this paper, inspired of techniques proposed in [16] in complement to the sensitivity computation and monitoring. The Nordic system, as described in [17] and with the study cases detailed in [16, 18] , was selected to validate and assess the modified Thévenin equivalent method proposed in this paper.
Based on the simulation results, synergies between the TEM and the sensitivity method have been explored in order to improve the overall stability assessment, assuming that both approaches are to be applied in parallel.
The paper is organized as follows. The TEM is described and its specific improvements are detailed in Section II. The required pre-processing of the measurements obtained from Phasor Measurement Units (PMUs) is also briefly discussed. The set of study cases used to benchmark the method is described in Section III. Based on the simulation results, the methods capabilities are discussed and an initial exploration of the synergies between the TEM and the sensitivity methods is presented in Section IV. Some concluding remarks are offered in Section V.
II. IMPROVED THÉVENIN EQUIVALENT METHOD
The proposed TEM method is an extension of the one based on [13, 14] . The steps are shown in Fig. 1 . The main modifications considered in this paper deal with the following:
• anticipation of the OverExcitation Limiter (OEL) activation, using the technique described in [10] . Namely, as soon as a generator field current exceeds the limit, and before it is effectively limited by the OEL, the equations of the limited generator are anticipatively used in the Thévenin equivalent computation; • improved calculation of the generator e.m.f. The latter is used as detailed in [13] . The saturated q-axis e.m.f. is considered, as described in [10] .
A. Description of modified Thévenin equivalent method
The TEM computes the Thévenin equivalent seen from each bus, as shown in Fig. 2 . The first descriptions of TEM used a least-square procedure to determined the parameters from local measurements [19] . The approach followed in this paper is to compute the parameters from wide-area measurements together with the network model [13, 14, 20] . Correction of Thévenin equivalent [13, 14] Voltage stability assessment [13, 14] OEL activation? (anticipation and saturation corrections)
[10] The Thévenin e.m.f. is computed as a linear combination of the individual generator e.m.f.'s according to [4, 13, 14] :
whereV th,i is the Thévenin voltage at bus i, G is the set of buses that have an attached generator,Ē g,k is the estimated e.m.f. of generator k, and GTC stands for Generator Transformation Coefficients. As already mentioned, the main improvement to the original TEM is the capability to correct the individual generator e.m.f.'s to take into account the limits. Assuming that the k-th generator is itself represented by an e.m.f.Ē g,k behind an impedance Z g,k = j X g,k , where the armature resistance is neglected [10] , the following equation can be written:
whereV k is the generator terminal voltage, andĪ g,k its current. Both of them are obtained from synchrophasor measurements. In order to account for an OEL activation,Ē g,k and Z g,k have to be related to the model of the synchronous machine under limit and with saturation effects [10] . Dropping the index k for simplicity, this model can be written in (d, q) axes as:
where E s q is the generator saturated e.m.f. in the q axis, X s q (resp. X s d ) is the q-axis (resp. d-axis) synchronous reactance corrected to include saturation as detailed in [10] , V q (resp. V d ) is the q-axis (resp. d-axis) component of the voltage phasor, and I q (resp. I d ) is the q-axis (resp. d-axis) component of the current phasor.
The link between (2) and (3) can be made by projecting equation (2) on the d and q axes, respectively, while taking into account thatĒ g is directed along the q axis. This yields:
Considering that (3) and (4) are two equivalent representations yields, in the d axis:
and in the q axis:
The anticipative representation of a machine under field current limit is based on the consideration that the unsaturated e.m.f. E q , which is proportional to the field current, exceeds the corresponding limit:
where k is the saturation coefficient and E lim q is the value of E q under the field current limit, as defined in [10] . When the inequality (7) holds true, the machine is switched under limit and is represented by an e.m.f.Ē Denoting by G vc (resp. G lim ) the set of generators under voltage control (resp. under field current limit), the Thévenin voltage is obtained from Eq. (1) by separating the contributions of both types of generators:
The value ofĒ g,k when the generator is under voltage control (k ∈ G vc ) is represented as in [13] , with a phasor Before commenting on possible synergies between the improved TEM and the sensitivity-based method, the latter is briefly recalled.
A. The sensitivity-based method
The sensitivity-based method for detection of voltage instability, in the general case involving multiple loads and multiple generators, was proposed in [10] .
The sensitivities S Qg Qi of the total reactive power generation Q g to the various individual reactive power loads Q i are considered. Their abrupt change from large positive to large negative values at some buses is the signature of the fact that a combination of load active and reactive powers passes through a maximum. This provides a clear indication of a developing instability, together with a ranking of the affected buses.
These sensitivities are computed from an extended set of equilibrium equations fitted to the system states computed or significantly removed by including the corrections proposed in this paper; it highlights the importance of considering the OELs and the importance of the Nordic system study cases in the development of voltage stability assessment methods.
The initial exploration of a possible synergy with the sensitivity-based method indicates that more information can be available for the operator and automatic control modules if both approaches are used in parallel. This synergy is worth being further explored in the following directions:
• a thorough comparison between the improved TEM and the sensitivity-based method, in particular in marginally stable or unstable cases; • the combined use of both methods to scale the control actions, or include them in the framework detailed in [22] .
